We perform crystal structure analyses of the organic conductor -(BEDT-TTF) 2 I 3 [where BEDT-TTF denotes bis(ethylene)dithiotetrathiafulvalene] and its selenium analogue -(BEDT-TSeF) 2 I 3 [where BEDT-TSeF denotes bis(ethylene)dithiotetraselenafulvalene] at room temperature under hydrostatic pressure, where they are expected to have zero-gap points at the Fermi level with a Dirac-cone-type dispersion for a massless particle. We calculate the electronic band structures using a combination of the extended Hückel molecular orbital calculation based on the obtained crystal structures and the tightbinding band structure calculation. We find that I) the obtained Fermi surfaces of both salts under hydrostatic pressure are simply larger than those at ambient pressure owing to an increase in overlap integrals caused by the pressure, and II) electronic structures having zero-gap points with a Dirac-conetype dispersion at the Fermi level are realized only in -(BEDT-TTF) 2 I 3 by the introduction of suitable site potentials in wide parameter areas. These results suggest that, to realize such a unique electronic structure in this class of materials, some mechanisms are needed to effectively give the site potentials employed in this study. Examples are electronic correlation effects and I 3 anion potentials.
Introduction
-(BEDT-TTF) 2 I 3 (abbreviated as ET 2 I 3 ), is one of the best-known quasi-two-dimensional organic conductors with superconducting and charge ordering states. It has sandwiched structures of the conducting layer of BEDT-TTF molecules and of the insulating layer of the anion I 3 .
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As shown in Fig. 1 , a unit cell contains four BEDT-TTF molecules, two of which, named AI-and AII-site molecules, are inversion-symmetric to each other and the remaining two, named B-and C-site molecules, are at special equivalent positions. Crystallographically, ET 2 I 3 has three independent molecules in its unit cell at room temperature and ambient pressure. This compound shows nearly temperature-independent electrical resistance down to 135 K at ambient pressure, where the resistance increases rapidly and continues to increase with decreasing in temperature.
Magnetic, structural, and optical measurements clarified that the metal-insulator transition at 135 K at ambient pressure is due to the charge ordering caused by the intersite Coulomb interaction between conducting electrons. This phenomenon has been predicted theoretically as a possible electronic state, characteristic of a quarter-filled band system. 4, 5) Magnetic susceptibility decreases below 135 K suggesting a nonmagnetic ground state. 6) X-ray diffraction analysis revealed that the 135 K transition is accompanied by some structural changes without forming a superstructure. 7) NMR, Raman scattering, and recent X-ray diffraction measurements clarified the nonequivalence in the amount of charge among the AI (or AII), B, and C sites even at room temperature. [8] [9] [10] Below 135 K, the AI and AII sites also become nonequivalent in the amount of charge, and the symmetry of the space group is reduced from P " 1 1 to P1. This suggests the onset of charge disproportionation and its ordering at 135 K. Charge-rich and charge-poor sites were found to be located alternately along the molecular stacking axis, i.e., the a-axis, to present a stripe structure parallel to the b-axis.
Tajima et al. discovered that the application of hydrostatic pressure suppresses the transition at 135 K to stabilize the temperature-independent resistance down to low temperatures. 11) Their electrical resistance and Hall effect measurements under hydrostatic pressure revealed that carrier density decreases and mobility increases with a decrease in temperature to compensate for the temperature dependence of electrical resistance. However, the electronic band structure suggested by the conventional tight-binding band structure calculation based on X-ray structure analyses at ambient pressure has not been able to explain the abovementioned novel transport properties. AI is inversion-symmetric with AII. The overlap integrals a1, a2, a3, b1, b2, b3, and b4 correspond to those in Table II. It was found that the creation of uniaxial strain along the aaxis induces a superconducting state, with a change in the magnitude of the strain, between the charge ordering phase and the temperature-independent resistance phase. 12) Theoretical studies have been conducted [13] [14] [15] [16] [17] using an extended Hubbard model and transfer integrals on the basis of X-ray results of crystal structure analyses under uniaxial strain, 18) which revealed the presence of zero-gap points in a Brillouin zone at the Fermi level with a Dirac-cone-type dispersion for a massless particle. A first-principles study of the electronic state of ET 2 I 3 also supported the existence of such an electronic state at ambient pressure and under uniaxial strain. 19) This type of electronic state has been observed in graphene. 20) Such an electronic state can explain Tajima et al.'s discovery of the temperature-independent electrical resistance at ambient pressure above 135 K and a hydrostatic pressure above 1.5 GPa. They also found a sheet resistance close to the quantum resistance, h=e 2 , and the characteristic negative interlayer magnetoresistance in angle dependent magnetoresistance measurements. 21, 22) The latter suggests the existence of a zero-gap state in ET 2 I 3 .
23)
One finds two questions with respect to the temperatureindependent resistance and zero-gap state: the first is whether or not the temperature-independent electrical resistance under hydrostatic pressure is ascribed to the zero-gap state. The zero-gap state has been theoretically found on the basis of X-ray structural data under the a-axial strain but no such structural data have been obtained under hydrostatic pressure. The other question is whether the electronic state for the temperature-independent resistance under hydrostatic pressure is essentially the same as that for the temperature-independent resistance above 135 K at ambient pressure.
In this article, we report the results of our crystal structure analyses of ET 2 I 3 and its selenium analogue -(BEDTTSeF) 2 I 3 (abbreviated as BETS 2 I 3 ) under hydrostatic pressure at room temperature to examine whether or not the zero-gap state is realized in these materials under hydrostatic pressure. BETS 2 I 3 shows electrical properties similar to those of ET 2 I 3 : it shows a temperature-independent resistance above 50 K where a metal-insulator transition occurs at ambient pressure. It also has a temperature-independent resistance down to low temperatures at a hydrostatic pressure above 0.7 GPa. 24, 25) We investigate the electronic band structures on the basis of the crystal structures obtained under hydrostatic pressure, and examine their site potential dependences, focusing on the possible zero-gap state. We found that I) the obtained Fermi surfaces of both salts under hydrostatic pressure are simply larger than those at ambient pressure owing to an increase in overlap integrals caused by the pressure without the introduction of any site potential, and that II) the zero-gap states are realized only in ET 2 I 3 at both ambient pressure and hydrostatic pressure in wide parameter areas of suitable site potentials.
Experimental Procedure
Single crystals of ET 2 I 3 and BETS 2 I 3 were prepared by the electro-oxidization of the donor component in the presence of tetra-n-butylammonium triiodide as the electrolyte. The solvents were benzonitrile for ET 2 I 3 and 1,1,2-trichloroethane for BETS 2 I 3 .
Crystal structure analyses were carried out at room temperature at ambient pressure and hydrostatic pressures of 0.25, 0.5, 0.75, and 1.76 GPa for ET 2 I 3 , and of 0.7 GPa for BETS 2 I 3 . The lattice parameters of ET 2 I 3 at 2.72 GPa were also measured.
For measurements above 1.76 GPa, a diamond anvil cell and the unique-design diffractometer reported in ref. 18 were used with a Mo K X-ray beam (50 kV, 30 mA). The applied pressure was estimated by measuring the wavelength of the fluorescence of a ruby fragment placed in the sample space. For measurements below 0.75 GPa, a smaller version of the Be pressure cell described in ref. 26 and a RIGAKU AFC5S four-circle diffractometer with a Mo K X-ray beam (45 kV, 30 mA) were used. Pressure was estimated from the piston pressure applied to the cross section of a Teflon cell containing a sample. Daphne oil was used as the pressure medium for all measurements under hydrostatic pressure.
Bragg reflections were collected by the so-called !-scan method to keep the background scattering almost constant in each measurement. Absorption corrections due to the pressure cell and pressure medium were taken into account in addition to conventional corrections, such as the Lorentz and polarization corrections. For measurements using AFC5S, another correction for sample shape was made using the PSI method.
All crystal structures were determined on CrystalStructure from Rigaku, employing the rigid body approximation method. 27) In this method the intramolecular structures were fixed, and their position and orientation were varied by the least-squares method. For the initial crystal structure, we employed the crystal structure at room temperature and ambient pressure, whose data were collected by the above AFC5S.
The obtained lattice parameters are shown in Table I . Atomic coordinates for the structure of ET 2 I 3 at 1.76 GPa and of BETS 2 I 3 at 0.7 GPa are shown in the Appendixes. All atomic coordinates were determined with anisotropic or isotropic temperature factors, depending on the number of collected reflections. The obtained R and R w factors were less than 10%, as shown in Table I .
We made conventional band calculations with a combination of the extended Hückel method and the tight binding model (100 Â 100 meshes). The energy width for obtaining the Fermi surfaces was 1 meV. Table II shows the overlap integrals, whose positions are defined in Fig. 1 . The transfer integrals used in the band calculations were obtained using the empirical rule, t ¼ ðÀ10 eVÞ Á S, where t is the transfer integral and S is the overlap integral.
Results and Discussion

Lattice parameters and Fermi surfaces of -(BEDT-
TTF) 2 I 3 under hydrostatic pressure The lattice parameters change monotonically with increasing pressure, as shown in Fig. 2 . The parameters below 1 GPa obtained with the beryllium cylinder are smoothly extrapolated to those above 1.5 GPa obtained with the diamond anvil. The result at 0.75 GPa seems to have to be located at a pressure slightly lower than 0.75 GPa because we observed a small swelling in the diameter of the beryllium cylinder after measurements. Our results of the lattice parameters and volumes are basically consistent with those reported by Tamura et al.
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Figure 3(a) shows a curve plotted using small open circles, which shows the Fermi surface of ET 2 I 3 based on the crystal structure at ambient pressure. The geometry of the Fermi surface is essentially the same as the reported results.
11) The broken curves shown in Fig. 3 (b) denote the dispersion relation at ambient pressure. We found contact points of the dispersion surface at general points in the first Brillouin Zone as indicated by open pentagons in Fig. 3(a) at a level 7.8 meV lower than the Fermi level. Note that an artificial modification of the Fermi level cannot lead to the realization of contact points with a Dirac-cone-type dispersion. This is because the ''cone'' of the lower band (third one) is too tilted to cause a zero-gap point.
The electronic structure under a high pressure of 1.76 GPa, derived from the atomic coordinates under a high pressure of 1.76 GPa, gives the Fermi surfaces, as shown in Fig. 3 (a) by a curve plotted using small filled circles. The dispersion relation is shown in Fig. 3(b) . The contact points of the dispersion surface are found at a level 8.0 meV lower than the Fermi level, as in the case at ambient pressure. Thus, we also found contact points on the dispersion surface at 1.76 GPa, where the metalinsulator transition accompanied by charge ordering at ambient pressure is totally suppressed and anomalous transport properties have been observed. However, no zero-gap point was found at the Fermi level under high pressures.
No marked change is observed with pressure application in the geometry of the Fermi surface and the dispersion relation. One finds both the broadening and some small shifts of each band with increasing pressure. The upper two bands are shifted upward and the lower two downward, as shown in Fig. 3(b) .
Search for novel electronic state having zero-gap
points at the Fermi level with introduction of site potentials The above band calculation allows us to add some potentials to molecular sites to obtain more realistic results. This is because the above calculations contain no important effects such as electronic correlation effects and those of the I 3 anion potential.
29) Mori et al. have pointed out that a change in C-site potential modifies the electronic state at ambient pressure and room temperature so that only zerogap points are present at the Fermi level without any other Fermi surfaces. [30] [31] [32] By taking account of both B-and C-site potentials as two parameters for keeping the symmetry P " 1 1, we could find the novel electronic states of the zero-gap points with a Dirac-cone-type dispersion at the Fermi level at both ambient pressure and 1.76 GPa. We added some values as site potentials to the diagonal elements of the respective molecular orbitals in calculating the secular equation of the band structure calculations. Figures 5(a) and 5(b) show the parameter maps of the Band C-site potentials for the electronic structures at ambient pressure and under hydrostatic pressure, respectively. In both results, the area giving the zero-gap state is obtained with the negative site potentials of the B-and C-sites, as long as the energy resolution of 10 meV is employed in the analysis. The insulating states are obtained with a combination of negative B-and positive C-site potentials or positive B-and negative C-site ones. Here, the Fermi level is placed in the energy gap (>10 meV) between the third and fourth bands. The metallic area with multiple Fermi surfaces is placed around the center of the maps.
The novel electronic state is stabilized in the finite range of the site potentials but not at a unique single point in the parameter space. This is consistent with the transport properties under hydrostatic pressure or uniaxial strain and results of previous theoretical studies: temperature-independent resistances have been observed in the finite range of pressures, 12) and a Dirac cone-type dispersion for the finite range of the magnitudes of uniaxial strain exists.
16) The parameter areas for the zero-gap state (filled circles) and insulating state (filled squares) under pressure are smaller than those at ambient pressure, since the bandwidth under pressure is slightly larger than that at ambient pressure, leading to the stabilization of the metallic state. These results lead to the following conclusion and conjecture: (1) when suitable site potentials are employed, zero-gap states are present at both ambient pressure and high hydrostatic pressures as far as the following methods are concerned: the structural analysis at room temperature with rigid-body approximation and band calculation with an energy resolution of 10 meV. (2) The temperature-independent resistance observed above 135 K at room temperature is possibly ascribed to the zero-gap state. This is because there seems to be no marked change between the electronic states at ambient and high pressures as suggested in Figs. 3-5 for the electronic structure and the parameter areas of the zerogap states. The onset of charge ordering at 135 K at ambient pressure is ascribed to the narrow bandwidth at ambient pressure compared with that at high pressure.
Here, we should mention the following points that should be examined in detail in future studies: (1) the electronic states are derived from room temperature X-ray results. For more exact conclusions, one needs structural data at low temperatures and high pressures. (2) The present results are obtained using a simple combination of the conventional tight-binding band calculation with the use of phenomenological site potentials. It is desirable to make a selfconsistent first-principles calculation of electronic states.
With respect to the above point (1), the thermal contraction at high pressures is expected to be small as suggested by the hardening of the lattice with increasing pressure.
33) If this is correct, the low-temperature structure at high pressure may not be largely different from that at room temperature.
Concerning the above point (2), as we have not examined the self-consistency of the present calculations, one should not directly compare the parameters for the B-and C-site potentials discussed above with the amount of charge on each BEDT-TTF molecule measured by the Raman scattering and X-ray diffraction studies. 9, 10) This is because this system has charge disproportionation due to the existence of three crystallographically independent sites: the amount of charge in the C-site has been evaluated to be larger than those of the A-and B-sites. 17) In the area where the zero-gap state exists in Fig. 5 , the amount of charge in the C-site is also larger than those in the other sites. This appears to be qualitatively consistent with the amount of charge derived from Raman scattering and Xray diffraction studies. The origin of the site potentials for realizing the zero-gap state should be studied in the future.
Case of -(BEDT-TSeF) 2 I 3
We conducted similar studies of BETS 2 I 3 , which showed similar behaviors in terms of the temperature and pressure dependences of electrical resistance. It is well-known that this material undergoes a metal-insulator transition at 50 K at ambient pressure. A temperature-independent resistance has been observed at low temperatures under a hydrostatic pressure of 0.7 GPa, where the metal-insulator transition is completely suppressed.
It is unclear, however, whether zero-gap points are present at the Fermi level with a Dirac-cone-type dispersion. This is because I) the number of carrier of BETS 2 I 3 is almost constant below about 20 K, while that of ET 2 I 3 decreases with a decrease in temperature, and II) in the angle dependent magnetoresistance measurements, the negative magnetoresistance, which is characteristic of the zero-gap electronic system, is much smaller than that of ET 2 I 3 . Figure 6 shows the Fermi surface and the dispersion relation at ambient pressure and under 0.7 GPa derived from the atomic coordinates obtained in the X-ray diffraction studies. Although the obtained Fermi surfaces are quite different from those of ET 2 I 3 , we can find contact points between the third and fourth bands 4. When we compare the signs and sizes of overlap integrals of BETS 2 I 3 and ET 2 I 3 in Table II , we should note that a3 has different tendencies: the values of the other overlap . In fact, the band structure calculation of BETS 2 I 3 at ambient pressure with a value of 5.0 as a3, instead of the measured one of À0:6, gives Fermi surfaces with a large pocket at around À. These results are similar to those of ET 2 I 3 . We find no electronic structures with zero-gap states in the parameter range at the B-and C-site potentials from À1 to +1 eV at ambient pressure and 0.7 GPa. We can only observe multiple Fermi surfaces, i.e., metallic Fermi surfaces, in the lower left area of the map, where zero-gap electronic structures are observed in Fig. 5 . The positions of the insulating electronic structures are located around the upper left and lower right areas of the map. This is due to the differences in the sign and size of a3. When we employ an artificial value of 5.0 for a3 at ambient pressure, we obtain a small parameter area for realizing the zero-gap state in the lower left area of the map. The difference in the area is owing to that in the bandwidth between BETS 2 I 3 and ET 2 I 3 . These findings imply that one of the important factors for realizing the zero-gap state is the arrangement of the overlap integrals with suitable directions, signs and sizes.
Conclusions
We performed crystal structure analyses of -(BEDT-TTF) 2 I 3 under a hydrostatic pressure of 1.76 GPa and of -(BEDT-TSeF) 2 I 3 at 0.7 GPa. The electronic structures obtained by conventional tight-binding band calculation showed that the Fermi surfaces under pressures are similar to those at ambient pressures. In -(BEDT-TTF) 2 I 3 , the introduction of suitable site potentials into the calculation leads to the presence of only zero-gap points with a Diraccone-type dispersion at the Fermi level. The origin of the site potentials for realizing the zero-gap state should be studied in the future. In -(BEDT-TSeF) 2 I 3 , the introduction of site potentials did not realize the zero-gap state owing to the differences in the sign and size of the overlap integral, a3. (1) 0.137(2) 0.027(2) 0.3867 (7) 2.0(7) Se (2) 0.340(2) À0:200ð2Þ 0.4312 (7) 1.9(7) Se (3) 0.191(2) 0.161(2) 0.5693 (7) 2.1(7) Se (4) 0.393(2) À0:065ð2Þ 0.6184 (7) 2.0(7) Se (5) 0.583(2) 0.537(2) 0.3851(8) 1.9(7) Se (6) 0.371(2) 0.325(2) 0.4301 (7) 2.1(7) Se (7) 1.054(2) 0.556(2) 0.3834(9) 2.2(7) Se ( 
